Abstract-A study of sound propagation over a submarine canyon northeast of Taiwan was made using mobile acoustic sources during a joint ocean acoustic and physical oceanographic experiment in 2009. The acoustic signal levels (equivalently, transmission losses) are reported here, and numerical models of 3-D sound propagation are employed to explain the underlying physics. The data show a significant decrease in sound intensity as the source crossed over the canyon, and the numerical model provides a physical insight into this effect. In addition, the model also suggests that reflection from the canyon seabed causes 3-D sound focusing when the direction of propagation is along the canyon axis, which remains to be validated in a future experiment. Environmental uncertainties of water sound speed, bottom geoacoustic properties, and bathymetry are addressed, and the implications for sound propagation prediction in a complex submarine canyon environment are also discussed.
east of Taiwan [1] in summer 2009. One of the research objectives was to study sound propagation over a submarine canyon and provide a better understanding of canyon bathymetric effects on acoustics. In addition, canyons are important due to the abundance of marine life and their role as conduits for water mass exchange between continental shelf and slope regions. The study site was located at the North Mien-Hua Canyon, whose topography is shown in Fig. 1 . This canyon system cuts into the slope at the southern end of the Okinawa Trough, and there are four branches extending into the East China Sea Shelf.
Sound propagation in a submarine canyon can be profoundly influenced by the complexity of the canyon seafloor, and two QPE data collection efforts were dedicated to studying this subject in a real environment. The first effort resulted in the data set reported here, which was collected in the west branch of the North Mien-Hua Canyon on August 26 and September 8, 2009 . The second effort was focused on an adjacent branch [2] . The west branch work presented in this paper is distinguished from the other work in a number of ways. First, it employed controlled acoustic sources to actively investigate the canyon acoustic effect, whereas in the adjacent branch, intensification of distant ship noise by the canyon seafloor was analyzed [2] . Second, the zigzag source tracks in the west branch study provided acoustic signal levels and transmission loss (TL) data with broader spatial coverage. Third, there are significant differences between the bathymetry in the two canyon branches, with the west branch being narrower and having steeper slopes.
Numerical simulation of 3-D sound propagation was performed before the QPE field work that clearly shows the effect of sound focusing caused by the canyon seafloor. This numerical simulation helped form the experimental design, and a brief summary of this work is provided in this paper. Also, the underwater environment in the North Mien-Hua Canyon area was characterized to provide an environmental model for acoustic studies. A bathymetric database with a 100-m spatial resolution was built by the Center for Coastal and Ocean Mapping/Joint Hydrographic Center at the University of New Hampshire (Durham, NH, USA). This bathymetric database was created from publicly available records made by single-beam and multibeam echo sounders in the region of interest. The source data contain a number of significant artifacts, which manifest themselves as irregular lines and tracks in a contour plot (see Fig. 1 ). To reduce these artifacts, a 2-D median filter [3] was implemented to construct a bathymetric map, where each grid 0364-9059 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/ redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. point contains the median value of the input bathymetric depths in the 250-m by 250-m neighborhood around the grid point.
The canyon topography used in the acoustic models reported in this paper is shown in Fig. 2 . During the QPE experiment, onboard conductivity-temperature-depth (CTD) systems and a towed undulating SeaSoar vehicle equipped with CTD sensors were deployed to make volumetric measurements of water temperature and salinity, from which water sound speed was derived. The sound-speed measurements were then averaged spatially (15 km 15 km) and temporally (daily) to create mean-state water sound-speed profiles in the study area of canyon acoustics on August 26 and September 8, 2009 . The SeaSoar track and the locations of the CTD casts are shown in Fig. 2(a) and (b), and the mean soundspeed profiles are shown in Fig. 2(c) . Detailed descriptions of the SeaSoar operations and the bathymetric database can be found in a QPE data report [4] . Finally, a model of homogeneous sandy bottom is assumed with sound speed 1700 m/s, density 1.5 g/cm , and attenuation coefficient 0.5 dB/ . The assumption underlying this bottom model is based on the strong near-bottom currents in the North Mien-Hua Canyon, which make fine suspended sediments unlikely to settle, resulting in a sandy bottom. A brief discussion will be provided concerning bottom property uncertainty in the environmental model for our acoustic studies. This paper is organized as follows. The numerical and experimental methods are reviewed in Section II. The numerical simulations before the field work and the experimental results are presented in Section III along with 3-D sound propagation models. Discussions of the experimental and environmental uncertainties and the effects on sound propagation prediction/modeling are provided in Section IV. The paper concludes in Section V along with suggestions for future work.
II. METHODS
The numerical program employed for modeling sound propagation and the performance of the acoustic equipment used in this study are reviewed in this section.
A 3-D parabolic equation (PE) model using the split-step Fourier (SSF) algorithm [5] with a wide-angle PE approximation [6] was utilized in this study. This 3-D PE model can be implemented in either a Cartesian or a cylindrical coordinate system [7] , [8] , and the solution of sound pressure is obtained with a one-way marching algorithm originating from the source position. The advantage of using a Cartesian coordinate in the numerical scheme is that the model resolution is uniform over the computational domain, but its PE approximation errors will increase with azimuth angle. Lin et al. [8] have found that the Cartesian 3-D PE can provide a valid approximation within 20 in azimuth, and so it is good for modeling long-range, plane-wave-like sound propagation. On the other hand, the cylindrical PE model holds a consistent degree of approximation along radials from the source at each azimuth, but the conventional fixed cylindrical grids will not have uniform model resolution. Two methods have been proposed by Lin et al. [8] to improve cylindrical PE model resolution: 1) utilizing an arc-length grid; and 2) extending angular wave number spectra with zeros (zero-padding). In the arc-length gridding method, the grid interval is fixed so the model resolution can be maintained in the far field. Because the arc-length aperture is also fixed, the model grid will wrap around the entire 360 azimuth near the source and gradually unwrap as the radius increases, which enables the model to capture all possible signals arriving at the area of interest. Since the arc-length gridding does not allow a fast Fourier transform [8] , it will benefit the total model efficiency to switch the arc-length grid to the angular grid when the PE marching algorithm reaches a certain distance. This changeover of grids is seamless because both grids have cylindrical geometry. When the computation switches to the angular grid, the zero-padding technique is used to maintain the model resolution by extending the angular wave number spectra with zeros. The calculation cost is higher in the cylindrical 3-D PE model, partly because the free propagation operator needs to be updated at each marching step, unlike the Cartesian situation. Nevertheless, the cylindrical model provides a wider azimuthal aperture, and so it is good for modeling TL data with broad spatial coverage, as in the current study.
The acoustic signals were transmitted from a small, expendable unmanned underwater vehicle equipped with a broadband acoustic source, developed by Ocean Acoustical Services and Instrumentation Systems (OASIS), Inc. (Lexington, MA, USA) called the OASIS Mobile Acoustic Source (OMAS) [9] . The OMAS vehicle is 12.4 cm in diameter, 91.4 cm long, and weighs 10 kg. It can follow preset run geometries by varying course, depth, and speed while transmitting various acoustic waveforms. The OMAS vehicle can also be tracked in real time by means of time synchronizing the source with hydrophone receivers, thereby enabling the calculation of source range from the measured time delay between signal transmission and reception. The bearing information is obtained with use of a direction finding acoustic receiver (DIFAR) sonobuoy. More detailed description of the OMAS vehicle can be found in [9] .
The OMAS vehicles used in the canyon study had a calibrated source level (SL) of 150 dB re 1 Pa at 1 m from 800 to 1000 Hz. The calibration showed that the vehicle's SL had a small ping-to-ping variability ( 0.25 dB), and its sensitivity to the vehicle battery load was less than 0.5 dB over a 4-h test cycle.
The acoustic data shown in this paper were recorded by the several hydrophone receiver units (SHRU) system developed at the Woods Hole Oceanographic Institution (WHOI, Woods Hole, MA, USA). The SHRU was equipped with four hydrophones with a sensitivity equal to 170 dB Pa/V. The hydrophones were attached to the mooring cable away from the electronics package at different depths to create a vertical line array (VLA). The mooring was 20 m long, and was mounted on the seafloor. The sampling rate of this array system was 9765.625 Hz, and continuous records were made during the operation. Additional information can be found in the QPE data report [4] .
III. RESULTS
Numerical simulations with the 3-D PE model were carried out before the experiment to provide some guidelines for the field work. This numerical study and the canyon TL experiment data are presented in this section. The received levels of OMAS continuous-wave (CW) tones on SHRU hydrophones will also be shown, along with the acoustic models built for explaining sound propagation physics in the experimental area.
A. Numerical Simulation Before the Field Work
A number of numerical simulations for 3-D sound propagation in the North Mien-Hua Canyon were carried out. A strong focusing effect was found along the canyon axis. One example of the simulations is shown in Fig. 3 , where the modeled source was placed at 25 35.4 N and 122 37.2 E (water depth 580 m), and a downward-refracting sound-speed profile similar to the ones shown in Fig. 2(c) was used. The explanation and implication of this modeling work are provided below.
Because we are interested in the sound field along the canyon axis within a small azimuth aperture in this pre-experimental study, the Cartesian 3-D PE model is appropriate. A 0-dB point source transmitting 600-Hz CW sound was considered, so the nominal acoustic wave length was 2.5 m. The source depth was at 61 m. A bathymetric model was constructed using the QPE bathymetric database described in Section II, and it is shown in Fig. 3 as isobath contours. To capture the complexity of the canyon seafloor, the bathymetry was updated every 2.5 m (1.0 ) in (the PE marching direction) using interpolation. The grid sizes in (transverse direction) and (vertical depth) were set to be 0.625 m (one fourth of ) and 0.417 m (one sixth of ), respectively. The computation domain was a 10-km 5.3-km 4.1-km volume. The 4.1-km extent in was chosen for employing an image field to satisfy the pressure-release boundary condition at the sea surface. In addition, an artificial absorbing layer was implemented around the mesh, and the final effective model domain below the sea surface in and is about 4 km 1.5 km. The convergence of the PE solution was ensured with a test using a PE marching step in of 1.25 m. In addition to the 3-D modeling, 2-D simulation with the same PE technique but neglecting the transverse variation of the seafloor and only considering its variation in the radial direction (termed 2-D in the literature) was carried out to identify the 3-D sound propagation effects caused by the canyon topography. Both 3-D and 2-D simulation results are shown in Fig. 3 . Note that the 3-D simulation predicted stronger bottom reflection from the concave seafloor located at 1-3 km and . This strong reflection is indeed caused by the out-ofplane reflection, which can only be captured by the 3-D model because it accounts for horizontal coupling in the -direction, and the intensification of sound due to the focusing effect observed in the model is as much as 15 dB.
B. Canyon Acoustics Experiments
The acoustic field work utilizing the OMAS sources in the QPE 2009 experiment was performed on two days, August 26 and September 8. The acoustic data shown in this paper were recorded by WHOI SHRU VLAs. The hydrophone arrays were mounted at different locations in these two canyon acoustics experiments, but both were on the bottom with hydrophones located at 18, 13.6, 9. , and the signal reception on SHRU hydrophones was fair. In both experiments, the OMAS vehicles were moving at a speed of 5 kn at designated depths. The vehicle depth in Run 1 was at 50 m initially and changed to 100 m after 210 min to measure TL from a different source depth. In Run 2, the vehicle depth was set to a constant depth of 100 m. The sound source on the vehicle transmitted three 2-s hyperbolic frequency-modulated (HFM) sweeps from 800 to 1000 Hz, followed by another three 2-s HFM sweeps from 550 to 650 Hz. After transmitting the HFM chirps, the OMAS emitted 48-s CW tones at 780, 880, and 980 Hz in Run 1 and 800, 900, and 1000 Hz in Run 2 with a consistent source level of about 140.5 dB at each transmitted frequency. The entire transmission was 1 min in duration and repeated continuously.
One purpose of the HFM chirps was for source tracking from the sonobuoys to determine range and bearing. Note that, in Run 2, because of loud ship noise, the sonobuoy reception in the first hour was not strong enough to determine the signal direction, and a triangulation was implemented to locate the OMAS source using chirp arrival times at the sonobuoys and one SHRU hydrophone.
One of the experimental plans was to have the mobile source pass through a focal point in the canyon as predicted by the numerical simulation. This was implemented in Run 2, and the planned source track was along the SeaSoar and CTD track shown in Fig. 2(b) . However, due to strong currents in the canyon, the actual source track was shifted away from the planned track. In Run 1, the source vehicle was programmed to go across the canyon along a linear track repeatedly for six hours. The OMAS course was maintained for three and a half hours before the current in the experimental area changed the direction and pushed the vehicle southeastwards. Although the OMAS tracks in both Run 1 and Run 2 did not follow the plans, the zigzag paths did result in a broader spatial coverage over the canyon.
Two example spectrograms of the OMAS signals recorded on a SHRU hydrophone are presented in Fig. 4 . The upper panel shows the records with high signal-to-noise ratio (SNR) at around 11:30:00 Coordinated Universal Time (UTC) in Run 2 when the source was close to the SHRU array. The lower panel of Fig. 4 shows the records with low SNR at around 13:30:00 UTC during the same run. Note that the ambient noise field varied significantly in time during this TL field experiment, and the noise level at 13:30:00 UTC was lower than at 11:30:00 UTC. Further discussion on the ambient noise will be provided later in this section.
The short-time Fourier transform (STFT) was employed to search for the OMAS CW signals in the SHRU data. In each STFT step, a 2-s-long signal (equivalently 5 m in distance as the OMAS vehicle was moving at a speed of 5 kn) was extracted and tapered using a Hamming window. It was then zero padded to 2 points ( 13.4 s long) for the Fourier transform to produce a high-resolution spectrum. Spectral peaks were sought within 4 Hz around the nominal signal frequencies (780, 880, and 980 Hz in Run 1, and 800, 900, and 1000 Hz in Run 2). Both the peak locations and the heights were recorded to determine the signal frequencies and the sound pressure levels (SPLs), which were taken to be the average of the true values within the 2-s (5-m) window. The 2-s STFT window was moved through the entire data set with a 1-s interval to obtain time series of signal frequencies and levels. The results from both runs are shown in Figs. 5 and 6. When the SNR was high, the STFT process would track the CW signals well, as seen in the Run 1 data (Fig. 5 ) from 17:45:00 to 18:30:00 UTC and in the Run 2 data (Fig. 6 ) from 11:15:00 to 11:50:00 UTC. However, when the SNR was low, the signals could not be tracked, and the peak frequencies would scatter over the search area. The concentration of the peak frequencies certainly depends on the SNR, and when there was small signal excess (an intermediate SNR), the peak frequencies would be somewhat condensed as seen, for example, at around 13:30:00 in Run 2 (Fig. 6) .
To assess the ambient noise level, the same STFT process was performed but for frequency bands that are 10 Hz away from the signal frequency search ranges. The noise levels are plotted in Figs. 5 and 6 as gray dots, and the relation between the SNR and the signal tracking can be clearly seen. One can also see occasional high ship noise of up to 90 dB and a higher ambient noise condition in Run 2. It should be noted that the noise level estimates shown here are not the average levels over the bandwidth, but are peak levels. Distributions of the noise levels are shown in Fig. 7 for both runs, and the median noise level on August 26 (Run 1) was 7 dB lower. Since the major component of ambient noise in this frequency band is wind wave noise [10] , the surface wind on August 26 should be slower. A record of averaged surface wind speeds in the experimental area, shown in Fig. 8 , indeed confirms that.
C. Acoustic Models
The 3-D cylindrical SSF PE model was utilized to model the propagation of OMAS CW tones. Large azimuth angles were covered with consistent model accuracy at each azimuth. The principle of reciprocity was invoked, so the locations of the source and receiver were switched in the model, and the PE starter, mimicking a 0-dB point source, was placed at the WHOI SHRU location. Doppler shift due to the relatively slow vehicle movement (5 kn, 600 times slower than the sound speed in water) was neglected in the PE model, and the model frequencies were fixed at the nominal frequencies. A combined algorithm utilizing the methods of arc-length gridding and zeropadding angular wave-number spectrum [8] was employed to ensure that the model grid size in azimuth was always smaller than one half of the nominal wavelength . The details of this Fig. 7 . Distributions of the noise spectrum peak levels received on the SHRU array over an 8-Hz band centered at the listed frequency during two canyon acoustics experiments in the North Mien-Hua Canyon. Fig. 8 . Record of averaged surface wind speeds in the area of the QPE canyon acoustics experiments. The wind record was obtained from the Blended Sea Winds project [11] , [12] in the National Climatic Data Center of the National Oceanic and Atmospheric Administration (http://www.ncdc.noaa.gov/oa/rsad/ air-sea/seawinds.html).
combined algorithm are described in Section II. The model grid size in depth was set to be less than one third of , and the marching step was one half of . Artificial absorbing layers were implemented on the sides of computation domains to imitate the radiation boundary condition, and the bathymetry in the PE model was updated every four marching steps to capture the complexity of the canyon seafloor. The environmental information reviewed in the Introduction was used in the model, including the average water sound-speed profiles, the bathymetric model synthesized from historic data, and the homogenous sandy bottom model.
During the two transmission runs, OMAS vehicles were deployed to follow linear tracks across and along the canyon axis, but the vehicles were pushed away from the planned tracks by strong currents in the canyon. As a result, they traveled over the head of the canyon with zigzag paths (see Fig. 2 ) covering a much broader area. As shown in Figs. 5 and 6, detection of OMAS signals by the STFT process performed very well during high SNR periods. The detected frequencies indeed followed the OMAS vehicle's movement. To show that, theoretical frequencies with the Doppler shift were calculated using the OMAS tracking results, and they are shown in Fig. 9 The modeled TL on the horizontal planes at the OMAS vehicle depths during the high SNR periods in both OMAS transmission runs is shown in Figs. 10(a) and 11(a) , respectively. The modeled TL along the vehicle tracks will also be compared with the measured TL data to assess the model performance. There are indeed model uncertainties, and they are in the specification of: 1) seafloor bathymetry; 2) water-column sound speed; and 3) bottom geoacoustic properties. Also, the OMAS vehicle tracking might potentially produce position errors. Detailed investigation of these model uncertainties is deferred to the future, but brief discussions will be provided in this paper. The 3-D sound propagation model presented here is meant to provide a first-order understanding of the sound propagation in the North Mien-Hua Canyon, which can also be generalized to other canyon systems.
The OMAS Run 1 transmission started at 15:02:00 UTC on August 26 (the times indicated hereafter are UTC), and the source track is shown in Fig. 2(a) with time stamps. Loud ship noise appeared in the acoustic records until 16:15:00. During this noisy period, the OMAS was close to the SHRU array, so there was still some signal excess for the STFT processor to detect the signals, as shown in Fig. 5 . Good SNR data were obtained from 17:45:00 to 18:10:00, which will be used to assess the performance of the 3-D PE model. During this high SNR period, the OMAS was in fact leaving an acoustic shadow zone over the sloping bottom. The formation of the shadow zone was caused mainly by the downward-refracting sound-speed profiles in the area [see Fig. 2(c) ], and the propagation condition over the sloping bottom was only favorable for deep sources, which will be discussed in detail later in this section. Fig. 10 shows a 980-Hz TL comparison between the data and the model. There were 48-s CW signals emitted from the OMAS sources every minute, and a 30-s-long subsection was taken for signal processing, yielding 30 measurements of signal frequencies and SPL. So, each group of points in Fig. 10(b) spans 30 s, over which the OMAS vehicle moved 75 m in distance. The variability (standard deviation) of the logarithmic TL values is 3.5 dB on average, which is less than the expected 5.6 dB for a fully saturated CW phase-random situation [13] . This reduction is due to the moving average procedure in the STFT process, which in our current application utilizes a 2-s (equally 5 m in distance) moving window as explained in Section III-B. To compare the model variability with the data correspondingly, the model output needs to be averaged, and this is done at each PE marching step along the arc in our calculation.
As shown in Fig. 10(b) , the modeled TL agrees with the measured data quite well in terms of the general trend and the variability. However, given the level of detail and accuracy in the environmental models and the OMAS track, it is not possible to perform a point-to-point comparison. So, in addition to the scatter plot of Fig. 10(b) , we also present a comparison between the modeled TL probability density functions (pdfs) and the measured TL data in Fig. 10(c) . The modeled TL pdfs were calculated and plotted every minute to show the distribution of the modeled TL ensemble at all possible OMAS positions within a 30-s window. The assumption is that the true OMAS positions in the 30-s window were within a radius of 150 m from the estimated location at the middle of the time window. Because the root mean square (RMS) errors of the OMAS track are on the order of 150 m, this assumption is reasonable. In addition, the OMAS vehicle traveled 75 m in 30 s, so the area of possible OMAS positions given by a radius of 150 m should also cover the vehicle path. We also consider uncertain vehicle depths with an error range of 1 m when calculating the pdfs.
To show the agreement of the modeled TL trend, the measured mean TL data are superimposed on top of the modeled TL pdfs in Fig. 10(c) . Each measured mean data point was calculated from the average amplitude of the CW signals in the same 30-s time window for computing the model pdf. A good agreement is observed, and the peaks of modeled pdfs follow the measured mean data points. The measured and modeled TL at 1000 Hz were compared in a similar way during the second OMAS run, and the plots shown in Fig. 11 present a good agreement between the two.
The Run 2 transmission started at 10:53:00 on September 8, and the SNR on the SHRU array was very low initially (see Fig. 6 ). This was partially due to the occurrence of loud ship noise, and also because the OMAS vehicle was in the SHRU's shadow zone. The OMAS signals started to be detected at 11:10:00 (see Fig. 6 ). The sound propagation model shown in Fig. 11(a) suggests that the OMAS vehicle left the shadow zone over the sloping bottom at this time, and the TL decreased to 57 dB, which is confirmed in the measured data. The model also shows that the OMAS reentered the shadow zone at 11:40:00, and, as shown in Fig. 11(b) and (c), which is confirmed in the measured data as well.
The PE model domain was extended to simulate sound propagation over a broader area. The OMAS Run 2 configuration was considered, and the model frequency was 800 Hz. Fig. 12(a) shows the modeled TL to the SHRU location within a radius of 11 km. The SPL cutoff range ( 3 km) due to the shadowing effect is similar to the 1000-Hz case seen in Fig. 11(a) . The interference patterns at these two frequencies are, in fact, also similar. The TL across the center of the domain [ Fig. 12(b) ] clearly shows the shadow zone structure. The formation of the shadow zone was caused mainly by the downward-refracting sound-speed profiles in the area [see Fig. 2(c) ], and Fig. 12(b) shows that the propagation condition is only favorable for deep sources. When the sound propagates across the canyon, the propagation scenario becomes up-slope, and this causes sound to bounce back to the upper water column and terminate the shadow zone, as observed in Fig. 12(a) and (b) . The strength of this bottom interacting sound depends strongly on the slope Fig. 3 . Fig. 13 . Three-dimensional ray tracing of sound emitted from the SHRU location in the North Mien-Hua Canyon. The initial azimuth angle of the ray path is 30 with respect to the dashed line in Fig. 12(a) , and its initial elevation angle is 7 . angle and bottom properties, and this is discussed further in Section IV.
The 3-D PE numerical program was also utilized to simulate the TL of the OMAS 800-Hz CW signals received on one of the sonobuoys deployed to track the OMAS vehicle. The sonobuoys drifted freely, and their paths are plotted in Fig. 12(c) . The sonobouys were in the area where the water depth is greater than 500 m, and the hydrophone depth was at 61 m. Fig. 12(c) shows the modeled TL for a given sonobuoy location, and the TL pattern is much different from the model for the SHRU array [ Fig. 12(a) ]. The reason is that both the source and the receiver were in the deep water area, and the shadow zone was narrower and closer to the receiver, as seen in a comparison between Fig. 12(b) and (d) . Also note the box in Fig. 12(c) marking a focusing pattern. This has been, in fact, shown in the numerical example in Section III-A, and is caused by 3-D focusing of sound due to the concave canyon seafloor.
Last, 2-D PE models were implemented for modeling the SHRU data to compare with 3-D models. The goal was to study the strength of horizontal refraction for sound propagating across the canyon by differencing the 3-D and 2-D solutions. It was found that the horizontal refraction does not significantly affect the sound intensity for sound propagation across the canyon. A numerical program was then employed to solve the 3-D eikonal equation [14] for the ray paths emitted from the SHRU location in Run 2 to cross the canyon. Due to the out-of-plane reflection from the seafloor, some of the rays did, in fact, bounce into the canyon valley; see Fig. 13 . This indicates that the horizontal refraction can occur for sound propagating across the canyon, but the refracted sound is greatly attenuated due to multiple bottom bounces. This is the reason why the sound intensity predicted from the 3-D PE model for sound propagation across the canyon did not show a significant effect due to horizontal refraction.
IV. DISCUSSION
Environmental uncertainties in the 3-D sound propagation models for the OMAS canyon runs are addressed in this section. Although this uncertainty analysis is preliminary, it still produces some important results that can guide future research directions.
The first environmental uncertainty to be discussed is the bathymetry, which is the most important factor causing sound field complexity over a submarine canyon. Because bathymetric errors can transfer into TL errors through incorrect bottom interaction in a sound propagation model, it is important to have an accurate bathymetric map to ensure model accuracy. To examine the pre-QPE bathymetric database used in this paper, the water depth data obtained from shipboard echo sounders during the 2009 QPE cruises were compared. As shown in Fig. 14 , bathymetric errors are, in fact, quite large. The area in the figure is around the OMAS canyon tracks (dashed lines on the maps) at the head of the west branch of the North Mien-Hua Canyon. The pre-QPE database does contain the beginning of the bathymetric bifurcation at around 25.55 N and 122.625 E, but it misses the details of the bifurcation. A line comparison along a ship track (the dark thick line on both maps) is provided in Fig. 14(c) , and the disagreement is larger on the north into the bifurcation. The ship tracks are indicated by the thin lines on the QPE echo sounder map in Fig. 14(b) . Because of the irregular and spatially sparse tracks, assimilating the echo sounder data into the bathymetric database is a challenge and is unlikely to significantly improve the modeled match to reality in an extended region; improvements are, therefore, deferred to a more thorough study in the future.
A specific comparison (Fig. 15 ) is made to show the difference in the modeled TL predictions resulted from using the two different bathymetric data sets. The propagation path considered, shown as the gray line in Fig. 14(a) and (b) , runs across the canyon from the Run 2 SHRU location. The numerical computation considers sound propagation only in the vertical plane along the propagation path. The bathymetric data along this path differ substantially, as shown in Fig. 15 , where it can be seen that the pre-QPE database misses the sharp cuts of the topography. These two bathymetric data sets indeed produce different TL predictions. The most notable discrepancy is the interference pattern near the start of the track, but both models produce comparable shadow zones ranging from 4 to 7 km and extending to 200-m depth. This explains why the data and model comparison in Fig. 11 shows reasonable agreement, even though the bathymetric database used in the model is not entirely correct. Also note the bottom reflection in the steep canyon [ Fig. 15(b) ]; although the up-slope propagation terminates the shadow zone, the TL is large because the steep slope causes greater bottom loss. This provides a reason why the OMAS Run 2 sound pressure levels were weak when the source left the shadow zone and moved to the southern side of the canyon from 13:00:00 to 14:00:00 (see Fig. 6 ).
The next environmental uncertainty to be considered is the bottom geoacoustic properties. Based on the understanding of strong currents in the canyon area, fine suspended sediments are not supposed to settle easily. So, a sandy bottom model is employed in the numerical simulations presented in the preceding section, with sound speed 1700 m/s, density 1.5 g/cm , and attenuation coefficient 0.5 dB/ . To present changes of the modeled TL due to different bottom properties, the same numerical computation for the OMAS Run 2 transmission (Fig. 11) is repeated with two other bottom sound speeds: 1600 and 1800 m/s. The resulting pdfs of modeled TL and comparisons to the measured mean TL data are shown in Fig. 16 . The bottom model with 1800 m/s does improve the TL comparison. This suggests that the real bottom is probably harder than what we expect, or that the bottom is more variable (i.e., consists of a number of different regimes) than was assumed. To make a stronger statement, we need to consider the bathymetric uncertainty that can also affect the predictability of bottom reflections, as shown in Fig. 15 . Such a joint uncertainty study is beyond the scope of this paper, and it is proposed for future work. The last environmental uncertainty, also the most difficult one to address, is water-column variability. The oceanographic dynamics in the QPE experimental area are very complex with considerable temporal and spatial variability [1] . As shown in Fig. 2 , vertical profiles of sound speed were sampled within the canyon along the central axis, but not across the canyon. Specifically, the major sources of water-column fluctuations at the canyon site include barotropic and baroclinic tides/waves [15] , [16] , upwelling currents in the canyon and intrusions of the Kuroshio current [1] , [17] , [18] . In addition, the passage of Typhoon Morakot several weeks prior (August 6-8, 2009) also resulted in pulses of typhoon-induced runoff that affected the mixed layer depth and vertical gradients of sound speed within the canyon [19] . Thus, the spatially invariant vertical profile used in the numerical simulations does not express the real sound-speed variability within the canyon. This can bias TL model predictions especially, as discussed below, in the presence of nonlinear internal waves that can scatter sound [20] , cause horizontal refraction [21] , and produce 3-D sound propagation effects [22] . Nevertheless, the acoustic models presented in this paper capture topographic effects with a general downward-refracting propagation condition in the water column, which is the first step in addressing the acoustic propagation within the canyon.
One interesting section of the SPL data seen in the OMAS Run 1 transmission (Fig. 5) was recorded when the OMAS source traveled through the zigzag track in the east of the SHRU location from 18:20:00 to 19:30:00 [see Fig. 2(a) ]. The signal levels of OMAS CW tones during this period dropped drastically ( 15 dB) and almost reached the noise floor at 60 dB re 1 Pa. The time series of the SPL data appeared just as the OMAS entered a shadow zone like the other cases explained in Section III, but numerical simulations with the average sound-speed profile did not support this hypothesis. In fact, it was found to be more likely due to nonlinear internal waves, and a brief discussion is provided below. Fig. 17 shows the water temperature and pressure data during the OMAS Run 1 transmission, measured by the sensors attached to the SHRU mooring. The sensors were placed close to the bottom (the depths are labeled in the plot), and the temperature varied significantly. The pressure data were less variable, indicating little mooring motion, and they, in fact, followed closely with the regional barotropic tidal levels obtained from the Oregon State University Tidal Inversion Software (OTIS, available at http://volkov.oce.orst.edu/tides/YS.html). Although the mooring did not extend to the upper part of the water column, there were three CTD casts made near the mooring within 2 km [see Fig. 2(a) ], and we can use those CTD profiles, shown in Fig. 17(c) , to infer the thermocline displacement in the upper water. The CTD casts were made in one and a half hours between 14:00:00 and 15:30:00, during which the water temperature near the bottom varied between 13 C and 15 C. Meanwhile, the displacement of the thermocline was over 30 m, which was most likely due to nonlinear internal waves. Now, shift attention back to the temperature time series from 18:30:00 to 19:30:00 when the acoustic signal levels dropped drastically. Apparent changes with a wavelike pattern can be observed on the water temperature data in Fig. 17(a) , suggesting that a train of nonlinear internal waves passed through the mooring site. This provides a reason why the acoustic signal levels dropped so much, as the sound attenuation due to scattering by nonlinear internal waves can be considerable [20] . Although we did not have full water-column profiles to simulate sound propagation through the internal waves, the arguments presented here should be strong enough to point out the importance of water-column uncertainty on acoustic TL predictions.
V. CONCLUSION
Experimental and numerical studies have been conducted for sound propagation over the North Mien-Hua Canyon northeast of Taiwan. A precruise numerical study showed a strong 3-D focusing effect caused by the concave canyon seafloor. Mobile acoustic sources were deployed to validate the model. However, the sources were pushed off of their planned tracks by the current, so we were not able to confirm the predicted focusing effect. Nonetheless, the field data still showed a shadowing ef-fect, which is also an important factor in considering underwater sound propagation over a submarine canyon.
A 3-D PE model has been utilized to provide physical insights into the TL data. Acoustic shadow zones are identified in the numerical model, and the resultant shadowing effect agrees with the measured data quite well. Model uncertainties due to incomplete measurements of the sound-speed field, the seafloor topography and the sub-bottom structure are also noted, and it is left for future work to thoroughly evaluate the effect of each environmental uncertainty on the TL predictability. Bathymetric uncertainty could be the most important factor when considering sound propagation in a submarine canyon, and it will affect the TL predictions in conjunction with other environmental uncertainties. Incorporating ocean dynamic models to reduce water-column uncertainty is suggested and currently being pursued by the authors and their collaborators. Last, our 3-D sound propagation model suggests that strong focusing of sound will occur along the canyon axis, but it still remains to be validated in a real environment. Dr. Lin is a member of the IEEE Oceanic Engineering Society, the Acoustical Society of America, and the American Geophysical Union.
